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Background: Due to the advantages of its bone-conserving nature, hip resurface arthroplasty (HRA) has recently
gained the interest of orthopedic surgeons for the treatment of young and active patients who have osteonerosis
of the femoral head. However, in long-term follow-up studies after HRA, narrowing of the femoral neck has often
been found, which may lead to fracture. This phenomenon has been attributed to the stress alteration (stress shielding).
Studies addressing the effects of necrotic size and the orientation of the implant on stress alterations are lacking.
Methods: Computed tomography images of a standard composite femur were used to create a three-dimensional
finite-element (FE) intact femur model. Based on the intact model, FE models simulating four different levels of necrotic
regions (0°, 60°, 100°, 115°) and three different implant insertion angles (varus 10°, neutral, valgus 10°) were created. The
von Mises stress distributions and the displacement of the stem tip of each model were analyzed and compared for
loading conditions that simulated a single-legged stance.
Results: Stress shielding occurred at the femoral neck after HRA. More severe stress shielding and an increased
displacement of the stem tip were found for femoral heads that had a wider necrotic lesion. From a biomechanics
perspective, the results were consistent with clinical evidence of femoral neck narrowing after HRA. In addition, a varus
orientation of the implant resulted in a larger displacement of the stem tip, which could lead to an increased risk of
implant loosening.
Conclusions: A femoral head with a wide necrotic lesion combined with a varus orientation of the prosthesis increases
the risk of femoral neck narrowing and implant loosening following HRA.
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Osteonecrosis of the femoral head (ONFH) is a devastat-
ing disease that typically affects patients who are in the
third through fifth decades of life. The development of
ONFH is usually progressive, and it often leads to the
collapse of the femoral head and the subsequent destruc-
tion of the hip, requiring the joint to be reconstructed
using a prosthetic replacement.* Correspondence: hsiehph@adm.cgmh.org.tw
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unless otherwise stated.Hip resurface arthroplasty (HRA) has several advan-
tages compared with traditional total hip arthroplasty
(THA), including a reduced rate of dislocation due to
the larger diameter of femoral head, reduced wear of
metal-on-metal interface, a larger range of motion and
its bone-conserving nature [1-3]. Consequently, HRA is
considered suitable for the treatment of young and ac-
tive patients who have ONFH. Although promising re-
sults have been reported in some short-term follow-up
studies [4-6], aseptic loosening and narrowing of the
femoral neck, which may lead to femoral neck frac-
tures have also been reported in long-term follow-up
studies [7-10].This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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tissue is removed and replaced with cement. There are
some concerns regarding this procedure. Previous stud-
ies [11,12] have reported that necrotic bone replaced
with cement can induce alterations in femoral strain. To
the best of our knowledge, however, literatures address-
ing the combined effects of necrotic lesion size and
orientation of the implant on postoperative mechanical
performance, including altering the stress distribution
and the risk of implant loosening, are lacking. Therefore,
this study was designed to examine how the necrotic le-
sion size and implant orientation affect the mechanical
behavior of the operated femur. We hope to achieve a
thorough understanding of femoral neck narrowing and
aseptic implant loosening following HRA.
Methods
Generation of the 3-D solid model
A commercially available synthetic femur (Model: #3306,
Pacific Research Laboratory Inc., Vashon Island, WA,
USA) was used as the study model for HRA. 3-D Solid
models of a standard composite femur were created
using computed tomography (CT) images. CT images of
the intact femur were obtained at 1.25 mm intervals in
the transverse planes starting from the femoral head,
using a GE Hi-speed scanner (General Electric, Milwaukee,
WI, USA). The resolution for each CT image was 512
by 512 pixels, the field of view was 320 mm, and the
pixel size was 0.625 mm/pixel. The obtained cross-
sectional images of the femur were transferred to an
automatic contouring program to detect the contours
between the cortical and cancellous bone. The parallel
stacked contours were then input into the Solidworks
CAD software (SolidWorks 2004, SolidWorks Corp.
Boston, MA, USA) to reconstruct a 3-D solid model of
the intact femur. The solid model of the implant was
generated based on the measurement of a commercially
available product (Durom hip resurfacing, Zimmer,
Warsaw, IN, USA) (Figure 1).Figure 1 Three-dimensional solid model of the femoral component foDefinition of necrotic lesion size and alignment of
femoral component
Twelve models simulating four different sizes of necrotic
lesion (0°, 60°, 100°, 115°) and three different alignments
of the femoral component (10° varus, neutral, 10° valgus)
were created by modifying the intact model (Figure 2).
The necrotic lesion was arbitrarily defined as a conoid
projecting from the center of the femoral head, and the
axis of the conoid (necrotic axis) was aligned with the
line that connected the most superior point of the fem-
oral head and the center of the femoral head. Four dif-
ferent sizes of conoids with cone angles of 0°, 60°, 100°
and 115° were chosen to represent the intact, low, inter-
mediate and high risk groups, respectively [13]. Models
with specific necrotic lesion size but different alignments
of the femoral component for HRA were devised by po-
sitioning the stem of the femoral component at different
angles with respect to the neck axis. Three models were
created for each specific lesion size: one resurfaced with
the arthroplasty oriented in line with the femoral neck
(neutral), one with the implant positioned at a varus
orientation of 10° less than the neutral axis line and one
with the implant positioned at a valgus orientation of
10° greater than the neutral axis line. The assumptions
of bone/cement, cement/implant and stem/bone inter-
faces were adopted from the literature [14]. The inner
surface of the implant and the necrotic lesion region
were modeled as being cemented. Both the bone/cement
and cement/implant interfaces were assumed to be fully
bonded. The stem was modeled as debonded, simulating
no contact between the stem and bone. Full details of
the assignments of the bone/cement, cement/implant
and stem/bone interfaces are presented by Taylor [14].
Loading and boundary conditions
The element type used for all materials in the FEA
model was a 10-node, isoparametric tetrahedral element.
A loading condition simulating single-legged stance was
adopted from the literature [15] and applied to all FEr HRA.
Figure 2 Designation of solid models for specific necrotic lesion size and implant orientation. (a) Femora with 0°, 60°, 100° and 115°
necrotic lesion size (from left to right), (b) Femora with implants aligned varus 10°, neutral and valgus 10° (from left to right).
Tai et al. BMC Musculoskeletal Disorders 2014, 15:262 Page 3 of 7
http://www.biomedcentral.com/1471-2474/15/262models (Figure 3). All material properties were modeled
as a homogeneous linear elastic continuum exhibiting iso-
tropic properties. The Poisson’s ratios used for cortical
bone, cancellous bone, the implant and the bone cement
were 0.3, 0.22, 0.3 and 0.19, respectively, and the moduli
of elasticity were 15.1 GPa, 445 MPa, 200 GPa and
2000 MPa, respectively [16]. The FE analysis for each of
the 12 models was performed using a commercial finite-
element package (Ansys 12.0, Ansys, Inc, Canonsburg,
PA, USA). The von Mises stress distributions and theFigure 3 Tetrahedral element models and applied loading. (a) Femoradisplacement of stem tip of each model were analyzed and
compared.
Validation of FEM model
For FEA validation, an experimental test of an intact syn-
thetic femur was conducted on a MTS materials testing
machine (Bionix 858, MTS Corporation, Minneapolis,
MN, USA). A linear variable differential transformer
(LVDT, DT-10 F, Kyowa, Tokyo, Japan) was attached verti-
cally on the inferior aspect of the femoral head. Thel component, (b) Femur with necrois, and (c) Femur after HRA.
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femur was measured under a 2000 N compressive load on
the femoral head. The vertical displacement at the inferior
aspect of the femoral head was also obtained from an in-
tact FEA model that was subjected to an identical 2000 N
compressive load. The experimental and analytical results
were compared to validate the FEA model.
Results
The effect of necrotic lesion size on the stress distribution
The von Mises stress on the superior and inferior re-
gions of the femoral neck intersected with the frontal
plane for both the intact model and the models with
various necrotic lesion sizes for HRA with a neutral
orientation, as shown in Figure 4. The von Mises stress
on the most superior point of the femoral neck for theFigure 4 von Mises stress (a) on the superior region of the femoral nec
with the frontal plane, for an intact femur and femora with 0°, 60°, 100°intact femur and femora with 0°, 60°, 100° and 115° le-
sion sizes were 32.162 MPa, 30.323 MPa, 29.55 MPa,
28.445 MPa and 27.293 MPa, respectively. Thus, the in-
tact femur exhibited the highest stress. Following HRA,
however, the stress decreased with increasing lesion size.
This result implies that more severe stress shielding oc-
curred for femur with larger lesion sizes.
The effect of implant orientation on the displacement of
the stem tip
The displacement of the stem tip for femora with various
necrotic lesion sizes resurfaced with 10° varus, neutral and
10° valgus aligned implants is shown in Figure 5. For
femur with a 60° lesion size, the displacement of the stem
tip for femoral components with varus, neutral and valgus
orientations was 8.631 μm, 8.328 μm and 7.837 μm,k and (b) on the inferior region of the femoral neck, intersected
and 115° necrotic lesion sizes and HRA with a neutral orientation.
Figure 5 Displacement of the stem tip for femora with various necrotic lesion sizes resurfaced with varus, neutral and valgus implant
alignment.
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tip displacements were 8.768 μm, 8.350 μm and 7.867 μm
for the varus, neutral and valgus orientations, respectively.
For femur with a 115° lesion size, the displacement of the
stem tip for varus, neutral and valgus orientations was
8.825 μm, 8.405 μm and 8.303 μm, respectively. These re-
sults indicate that for femur with an identical lesion size,
the varus implant orientation resulted in the highest stem
tip displacement, whereas the valgus orientation resulted
in the lowest displacement. Furthermore, regardless of the
implant orientation (varus, neutral or valgus), the dis-
placement of the stem tip tended to increase with increas-
ing lesion size.
Discussion
The finite element method has become a useful tool in
analyzing the stresses in structures of complex shapes,
loading and material behavior. Numerous applications in
orthopedics have been presented, and the models devel-
oped have successfully predicted the mechanical character-
istics of skeletal components in interesting circumstances.
There are also ample precedents for the use of this
method in studying femoral head osteonecrosis and hip
resurfacing arthroplasty. Liu et al. [17] designed a three-
dimensional finite element model to demonstrate stress
changes in the necrotic femoral head with various lesion
sizes. They concluded that femoral heads with larger nec-
rotic lesions have a higher stress concentration and a
higher risk of collapse. Tran et al. [18] simulated and ana-
lyzed a femur that was treated by core decompression
with a bone substitute using a finite-element model. Their
results demonstrated that the entrance point should be lo-
cated on the proximal subtrochanteric region to reduce
the risk of subtrochanteric fracture. As for previous stud-
ies that used FEM to evaluate the biomechanical behavior
of the hip resurfacing arthroplasty, Radcliffe and Taylor
[12] investigated the influence of the varus–valgus orienta-
tion on load transfer within the resurfaced proximalfemur. They concluded that the valgus alignment of the
resurfacing arthroplasty is preferential to the varus align-
ment because the former induces a more physiological
strain pattern and reduces the risk of femoral neck frac-
ture. Watanabe et al. [16] performed a finite element ana-
lysis using three-dimensional models to examine the
biomechanical characteristics of the femoral component
in HRA. Stress shielding was observed in the anterosuper-
ior regions on the cancellous bone cross-sections near the
cup rim. This stress alteration may lead to complications
such as femoral neck fractures in patients with osteopenic
bone and long-term loosening. Ong et al. [19] examined
the effects of the fixation method and the interface condi-
tions on the biomechanics of the femoral component of
the Birmingham hip resurfacing arthroplasty using a
three-dimensional computer model of the hip. Their re-
sults indicated that proximal femoral stresses and strains
were non-physiological when the Birmingham hip resur-
facing femoral component was fixed to bone. Bone resorp-
tion was predicted in the inferomedial and superolateral
bone within the Birmingham hip resurfacing shell. Taylor
[14] examined the influence of various metaphyseal stem
configurations on load transfer within the femoral head.
He concluded that increasing both the stem diameter and
the percentage of the stem length in contact with bone in-
creased the degree of strain shielding.
Although several of the reports mentioned above showed
good results in predicting the mechanical behavior of the
femoral head with a certain necrotic lesion, FEM studies
considering changes in the stress distribution due to
changes in the necrotic lesion size along with variations in
the orientation of the femoral component in femoral re-
surfacing have not been reported. Previous studies com-
paring the mechanical performance of different extents of
necrosis and stem orientation accompanied with femoral
resurfacing are lacking. A study focused on the basic prin-
ciples of femoral resurfacing is still of paramount import-
ance to avoid unnecessary complications.
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must be taken into account before its interpretation. For
model validation, the predicted displacement from FEA
and the measured displacement from the experiment
were 4.92 mm and 5.21 mm, respectively. The percent-
age error compared with the experimental result was
small (5.57%). The convergence of the FEM models used
in this study was justified by the total strain energy of
the structure. Six models with different numbers of ele-
ments and nodes were created to perform the conver-
gence test, and the results of the total strain energy for
the six models were all within 5%. The model with the
finest mesh was used in this study. The validity and con-
vergence of the FEA model was thus demonstrated from
the above procedures. The consistent results of the finite
element and in vitro testing imply that the simulations
are reliable.
HRAs are appealing procedures because the potential
for bone conservation and the non-violation of the fem-
oral shaft make it a less invasive option. Therefore, HRA
may be suitable for young and highly active patients with
ONFH. Numerous reports [20-22] support the use of
HRA for ONFH, even when some necrotic bone re-
mains, but the influence of the lesion size before resur-
facing on the stability of the femoral components is
unclear. Among the various types of HRA, the clinical
outcome is very controversial because of the inconsistent
results obtained by different authors [23-26]. The differ-
ences reported may be related to differences in the ex-
tent of necrosis, alignment of implant, and surgical
techniques. The main reasons for failure include postop-
erative narrowing of the femoral neck [9,10] and loosen-
ing of the femoral head [23,24]. Fracture of the femoral
neck may be attributed to femoral neck narrowing fol-
lowing HRA, whereas loosening of the femoral head has
been attributed to the over-displacement of the implant
stem.
The etiology of femoral neck narrowing after HRA is
unknown. It may be the result of avascular circulation to
the femoral head and neck, impingement, an inflamma-
tory response or bone remodeling due to stress shield-
ing. Based on Wolff ’s law of bone remodeling, if the
loading on a bone decreases, it will become less dense
and weaker, which can change the shape of the bone be-
cause there is no stimulus for the continual remodeling
that is required to maintain bone mass [27]. As observed
in Figure 4, the magnitudes of von Mises stress on both
the superior and inferior aspects of the femoral neck
were smaller for the models with HRA compared with
the intact model. A more severe reduction in the von
Mises stress was found for femoral heads that had a larger
necrotic lesion size. The stress shielding phenomenon
could be attributed to the relatively high elasticity of the
cement compared with the necrotic lesion being replaced.The result may indicate that altered loading of the femoral
neck results in narrowing of the femoral neck. From a bio-
mechanics perspective, our results provide a convincing
explanation for the clinical outcome of neck narrowing
after hip resurfacing arthroplasty [9,10]. Furthermore, we
found that a wide necrotic lesion combined with a varus
implant orientation caused the highest stem tip displace-
ment (Figure 5), implying that a larger necrotic lesion with
varus component placement is associated with implant
loosening and implant failure. These findings are consist-
ent with clinical experience, which has shown an increase
rate of failure for varus implanted prostheses [12,28].
There are a number of limitations in the present study.
First, the geometry and the linear, elastic, homogeneous
material properties of a standard composite femur were
used rather than the values for femurs from actual pa-
tients. One benefit of using a standard composite femur is
that it eliminates the variations between subjects. How-
ever, the drawback is that this approach overlooks the ef-
fects of the nonlinear, inelastic, and non-homogeneous
material properties of bone. Second, the only loading con-
dition considered was the single-legged stance of gait.
Further investigation on the effects of other loading condi-
tions might be necessary in the future. Third, the inter-
faces on the implant/cement and cement/bone were
assumed to be fully bonded, without considering the loos-
ening of the implant. Therefore, the results from the FEA
might only be interpreted for well-fixed conditions with-
out implant loosening. Fourth, the necrotic lesion was ar-
bitrarily designated to the most superior point of the
femoral head. However, we demonstrated that better plan-
ning for femoral resurfacing could be achieved by predict-
ing the stress distribution for different extents of necrosis.
Last, the FE model was validated based on the intact con-
dition without HRA, which may have an impact on the
analytic results for the post-operative FE models. How-
ever, the boundary conditions including material proper-
ties, element types and element length are identical for
FE models with or without HRA, and we believe that
our results provide useful information to orthopedic sur-
geons performing HRA for patients with femoral head
osteonecrosis.
Conclusion
Necrotic lesion size and the orientation of the prosthesis
have a considerable effect on the stress distribution in
the femoral neck and on the postoperative stability of
the implant after HRA. A femoral head with a wide nec-
rotic lesion combined with a varus orientation of the
prosthesis increases the risk of neck narrowing and im-
plant loosening.
Abbreviations
CT: Computed tomography; FE: Finite element; HRA: Hip resurface arthroplasty;
ONFH: Osteonecrosis of the femoral head; THA: Total hip arthroplasty.
Tai et al. BMC Musculoskeletal Disorders 2014, 15:262 Page 7 of 7
http://www.biomedcentral.com/1471-2474/15/262Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
CLT participated in the design of the study, interpretation of the results and
draft of the manuscript. PHH participated in the design of the study and
helped with the analysis of data. YCC participated in carrying out the study
and reviewing references. All authors read and approved the final
manuscript.
Acknowledgements
The authors would like to acknowledge and thank the financial grant from
Chang Gung Memorial Hospital (CMRPD2A0151, CMRPD2A0152).
Author details
1Graduate Institute of Medical Mechatronics, Department of Mechanical
Engineering, Chang Gung University, Taoyuan, Taiwan. 2Department of
Orthopaedic Surgery, Chang Gung Memorial Hospital, Chang Gung
University College of Medicine, Taoyuan, Taiwan.
Received: 17 March 2014 Accepted: 30 July 2014
Published: 5 August 2014
References
1. Mont MA, Ragland PS, Etienne G, Seyler TM, Schmalzried TP: Hip
resurfacing arthroplasty. J Am Acad Orthop Surg 2006, 14(8):454–463.
Review.
2. Grigoris P, Roberts P, Panousis K, Bosch H: The evolution of hip resurfacing
arthroplasty. Orthop Clin North Am 2005, 36(2):125–134. vii. Review.
3. Girard J, Lavigne M, Vendittoli PA, Migaud H: Hip resurfacing: current state
of knowledge. Rev Chir Orthop Reparatrice Appar Mot 2008, 94(8):715–730.
4. Amstutz HC, Beaulé PE, Dorey FJ, Le Duff MJ, Campbell PA, GruEN TA:
Metal-on-metal hybrid surface arthroplasty: two to six-year follow-up
study. J Bone Joint Surg Am 2004, 86(1):28–39.
5. Howie DW, Cornish BL, Vernon-Roberts B: The viability of the femoral
head after resurfacing hip arthroplasty in humans. Clin Orthop 1993,
291:171–184.
6. Grecula MJ: Resurfacing arthroplasty in osteonecrosis of the hip. Orthop
Clin North Am 2005, 36(2):231–242.
7. Amstutz HC, Campbell PA, Le Duff MJ: Fracture of the neck of the femur
after surface arthroplasty of the hip. J Bone Joint Surg Am 2004,
86(9):1874–1877.
8. Ritter MA, Lutgring JD, Berend ME, Pierson JL: Failure mechanisms of total
hip resurfacing: implications for the present. Clin Orthop Relat Res 2006,
453:110–114.
9. Spencer S, Carter R, Murray H, Meek RM: Femoral neck narrowing after
metal-on-metal hip resurfacing. J Arthroplasty 2008, 23(8):1105–1109.
10. Wang W, Geller JA, Hasija R, Choi JK, Patrick DA Jr, Macaulay W:
Longitudinal evaluation of time related femoral neck narrowing after
metal-on-metal hip resurfacing. World J Orthop 2013, 4(2):75–79.
11. Deuel CR, Jamali AA, Stover SM, Hazelwood SJ: Alterations in femoral
strain following hip resurfacing and total hip replacement. J Bone Joint
Surg (Br) 2009, 91(1):124–130.
12. Radcliffe IA, Taylor M: Investigation into the effect of varus-valgus
orientation on load transfer in the resurfaced femoral head: a multi-
femur finite element analysis. Clin Biomech 2007, 22(7):780–786.
13. Koo KH, Kim R: Quantifying the extent of osteonecrosis of the femoral
head. A new method using MRI. J Bone Joint Surg (Br) 1995, 77(6):875–880.
14. Taylor M: Finite element analysis of the resurfaced femoral head. Proc Inst
Mech Eng H 2006, 220(2):289–297.
15. Mann KA, Bartel DL, Wright TM, Burstein AH: Coulomb frictional interfaces
in modeling cemented total hip replacements: a more realistic model.
J Biomech 1995, 28(9):1067–1078.
16. Watanabe Y, Shiba N, Matsuo S, Higuchi F, Tagawa Y, Inoue A:
Biomechanical study of the resurfacing hip arthroplasty: finite element
analysis of the femoral component. J Arthroplasty 2000, 15(4):505–511.
17. Liu WG, Wang SJ, Yin QF, Liu SH, Guan YJ: Biomechanical supporting
effect of tantalum rods for the femoral head with various sized lesions: a
finite-element analysis. Chin Med J (Engl) 2012, 125(22):4061–4065.
18. Tran TN, Warwas S, Haversath M, Classen T, Hohn HP, Jäger M, Kowalczyk W,
Landgraeber S: Experimental and computational studies on the femoralfracture risk for advanced core decompression. Clin Biomech 2014,
29(4):412–417.
19. Ong KL, Kurtz SM, Manley MT, Rushton N, Mohammed NA, Field RE:
Biomechanics of the Birmingham hip resurfacing arthroplasty. J Bone
Joint Surg (Br) 2006, 88(8):1110–1115.
20. De Smet KA: Belgium experience with metal-on-metal surface arthroplasty.
Orthop Clin North Am 2005, 36(2):203–213. ix.
21. Lian YY, Pei FX, Yoo MC, Cheng JQ, Fatou CY: Changes of the bone
mineral density in proximal femur following total hip resurfacing
arthroplasty in osteonecrosis of femoral head. J Orthop Res 2008,
26(4):453–459.
22. Amstutz HC, Le Duff MJ: Hip resurfacing results for osteonecrosis are as
good as for other etiologies at 2 to 12 years. Clin Orthop Relat Res 2010,
468(2):375–381.
23. Duijsens AW, Keizer S, Vliet-Vlieland T, Nelissen RG: Resurfacing hip
prostheses revisited: failure analysis during a 16-year follow-up. Int
Orthop 2005, 29(4):224–228.
24. Costi K, Howie DW, Campbell DG, McGee MA, Cornish BL: Long-term
survival and reason for revision of Wagner resurfacing hip arthroplasty.
J Arthroplasty 2010, 25(4):522–528.
25. Hing CB, Back DL, Bailey M, Young DA, Dalziel RE, Shimmin AJ: The results
of primary Birmingham hip resurfacings at a mean of five years. An
independent prospective review of the first 230 hips. J Bone Joint Surg
(Br) 2007, 89(11):1431–1438.
26. Mont MA, Rajadhyaksha AD, Hungerford DS: Outcomes of limited femoral
resurfacing arthroplasty compared with total hip arthroplasty for
osteonecrosis of the femoral head. J Arthroplasty 2001, 16(8 Suppl 1):134–139.
27. George LL, Francis WC, Elizabeth AF: A Primer of Biomechanics. New York:
Springer-Verlag, Inc; 1999.
28. Morlock MM, Bishop N, Ruther W, Delling G, Hahn M: Biomechanical,
morphological and histological analysis of early failures in hip
resurfacing arthroplasty. Proc Inst Mech Eng H 2006, 220(2):333–344.
doi:10.1186/1471-2474-15-262
Cite this article as: Tai et al.: The effects of necrotic lesion size and
orientation of the femoral component on stress alterations in the
proximal femur in hip resurfacing - a finite element simulation. BMC
Musculoskeletal Disorders 2014 15:262.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
